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Abstract 
The failure locus a fiber-reinforced composite lamina, made up of 50 vol.% of carbon fibers embedded in an epoxy matrix, is com-
puted under transverse compression and out-of-plane shear, a stress state whose experimental reproduction is highly complex. The 
mechanical response was obtained by the finite element method of a representative volume element of the lamina, which explicitly takes 
into account the fibers and the matrix in the lamina. The actual deformation and failure mechanisms experimentally observed in the 
matrix, fibers and interfaces were included in the simulations through the appropriate constitutive equations. Two sets of simulations 
were performed, assuming that the fiber/matrix interface was either strong or weak. The corresponding failure loci were compared with 
those given by three failure criteria for composites (Hashin, Puck and LaRC) which provide reasonable predictions in other multiaxial 
stress states. The estimations of the failure criteria were largely consistent with the numerical simulations in the composites with a strong 
interface but overestimated the composite strength when the interface was weak because the effect of interface decohesion (which 
becomes dominant) was not taken into account. These results point out the need to include interface fracture in the failure criteria 
for composites. 
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1. Introduction 
Most materials exhibit a limited number of physical fail-
ure mechanisms upon deformation. For instance, engineer-
ing metallic alloys normally fail by a ductile process 
involving the nucleation, growth an coalescence of cavities 
[1]. Deformation of bulk metallic glasses at ambient tem-
perature results in the localization of the strain into strips 
of nanometer-thickness and macroscopic length [2,3], while 
glassy and semi-crystalline polymers fail below the glass 
transition temperature by the formation of crazes and/or 
shear bands . These mechanisms can be taken into 
account in the analysis of the mechanical behavior through 
the respective failure criteria, obtained from phenomeno-
logical or micromechanical considerations, which establish 
the stress state at a given material point leading to the onset 
of damage. This task is relatively simple in homogeneous 
and isotropic materials, as only one or two failure mecha-
nisms are active. 
However, fiber-reinforced composites do not follow this 
trend and present completely different failure modes as a 
function of the loading direction and stress-state. For 
instance, a composite lamina made up of a polymeric 
matrix uniaxially reinforced with glass or carbon fibers pre-
sents four different physical fracture mechanisms depend-
ing on the loading mode [6]: tensile deformation in the 
longitudinal direction leads to fiber fracture while compres-
sion in the same direction induces failure by localized fiber 
buckling. Tensile deformation perpendicular to the fibers 
results in matrix cracking, and transverse compression or 
shear deformation triggers fracture by the formation of 
matrix shear bands. Moreover, the different failure mecha-
nisms are coupled and, for instance, the longitudinal com-
pressive strength is severely reduced in presence of shear 
stresses in the longitudinal direction . Finally, failure cri-
teria applicable to laminates should take into account the 
decohesion between individual plies. 
Accurate and reliable failure criteria are necessary to 
take full advantage of the mechanical properties of 
advanced composites. A recent effort to assess the state-
of-the-art in this matter, the World Wide Failure Exercise 
, compared the results provided by nineteen different 
failure criteria with benchmark experimental results on 
carbon- and glass-fiber laminates. The comparison showed 
that the predictions of many theories differed significantly 
from the experimental results (particularly under multiax-
ial stress states involving fracture by matrix and/or fiber 
compression), and ranked the available theories according 
to their ability to predict (a) biaxial lamina strength, (b) 
initial and final biaxial laminate strength, and (c) deforma-
tion of laminates. However, more precise conclusions 
regarding to the theory which best reproduces the physical 
failure mechanisms as well as the mechanical strength 
were limited by the scarcity of experimental results for 
multiaxial stress states, the experimental scatter (which 
sometimes impedes discrimination among the different 
theoretical predictions), and the phenomenological nature 
of most models. Evidently, more experimental results will 
help to clarify the situation but this approach is expensive 
and, in addition, mechanical testing composite lamina 
under multiaxial loading is complex due to different prob-
lems (buckling, free edge effects, failures at end con-
straints). As a result, the number of stress states that 
can be checked experimentally is not large enough to val-
idate the failure criteria. 
Another approach is resorting to virtual testing by 
means of computational micromechanics . This sim-
ulation strategy is very well suited to determine the 
mechanical behavior of composite lamina until fracture, 
and it based on the numerical simulation of a representa-
tive volume element (RVE) of the composite microstruc-
ture, which explicitly takes into account the fibers, matrix 
and interfaces in the lamina. The actual fracture mecha-
nisms experimentally observed in the matrix, fibers and 
interfaces are included in the simulations through the 
appropriate constitutive equations. Recent examples 
includes the simulation of the fracture behavior perpendic-
ular to the fibers of Ti/SiC composite panels at ambient 
and elevated temperature or the failure of fiber-rein-
forced polymer lamina under transverse compression [16]. 
In addition, complex multiaxial stress states (which cannot 
be obtained experimentally) are available using the appro-
priate boundary conditions. Thus this approach provides 
full control of the constituent properties, spatial distribu-
tion and loading, eliminating many sources of experimental 
error, and it can be used to assess the validity of the failure 
criteria or to develop new ones. 
Computational micromechanics is used in this investiga-
tion to compute the failure locus of a composite lamina, 
made up of 50 vol.% of carbon fibers embedded in an 
epoxy matrix, which is subjected to transverse compression 
and out-of-plane shear, a biaxial stress state whose experi-
mental reproduction is highly complex. The influence of the 
interface strength on the composite behavior is assessed 
and the predictions of the failure locus are compared with 
various failure criteria in composites with strong and weak 
interfaces. 
2. Failure criteria under transverse compression 
Hashin recognized more than 25 years ago that the 
coexistence of various physical mechanisms of failure in 
composites implied the use of different failure criteria as 
a function of the dominant stress state. He distinguished 
between fiber- and matrix-dominated fracture, and each 
one was further subdivided into tensile and compressive 
modes. Furthermore, he assumed that failure was due to 
the normal and tangential stresses acting on the fracture 
plane, which is parallel to the fibers in the case of matrix-
dominated failure in compression. From these hypotheses, 
and taking into account that the composite lamina is iso-
tropic in the 23 plane, Hashin [17] proposed a failure crite-
ria which can be expressed as 
I®'-1] Yc ' o2 ' 2ST_ 
in the particular case of compression perpendicular to the 
fibers (<r2) combined with shear stresses x23 acting out of 
the lamina plane (Fig. 1). In this equation, Yc and ST stand 
for the lamina resistance to fracture subjected to transverse 
compression and out-of-plane shear, respectively. An anal-
ogous expression was derived for transverse compression 
and in-plane shear, but the experimental data for this load-
ing condition did not always agree with the model predic-
tions . In particular, Hashin's model did not capture 
the increase in shear strength in presence of moderate com-
pressive stresses. This limitation was attributed to the fact 
that Hashin's model did not determine the actual orienta-
tion of the fracture plane but assumed a quadratic interac-
tion between the stress invariants. 
New models have been developed more recently to over-
come these limitations. Among them, Puck [18,19] and 
LaRC03 criteria have been largely consistent with the 
experimental results available for failure under transverse 
compression and in-plane shear. Both criteria assume that 
failure is caused by the normal (<rn) and tangential (xt) 
stresses acting on the failure plane, which forms an angle 
9 with the direction perpendicular to the compressive stres-
ses, Fig. la. For the particular loading case considered in 
this paper, they are expressed as a function of the applied 
normal and shear stresses as 
a 
J"23 
°2 
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Fig. 1. (a) Stresses acting on the lamina and on the failure plane and (b) Mohr's circle for the stress state depicted in (a). 
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in which ST, the fracture resistance of the fracture plane 
subjected to transverse shear, is assumed to be independent 
of the plane orientation 0, and </> stands for the friction an-
gle which takes into account the influence of the normal 
stresses on the shear strength. The corresponding failure lo-
cus is determined by computing the actual orientation of 
the fracture plane for each combination of normal and tan-
gential stresses on the lamina, which is given by the tangent 
point of the straight line which represents the Mohr-Cou-
lomb criteria to Mohr's circle, as shown in Fig. lb. Two 
fracture planes verify this condition, and their orientations 
with respect to the direction perpendicular to the compres-
sive stress are given by 
0 = 45 (5) 
in which f$ — arctan{2T23/<T2}. 
The practical application of these criteria is based on 
three material properties, namely Yc, ST and </>, but only 
Yc can be easily measured in the laboratory. Nevertheless, 
if the Mohr-Coulomb model is accepted, the other two can 
also be obtained from the uniaxial transverse compression 
test as 
tan. 
-1 
tan 20, 
ST = Yc cos 0C ( sin 0, 
and 
cosOc 
tan 20, (6) 
in which 0C is the orientation of the fracture plane under 
uniaxial compression. Experimental observations in many 
C/epoxy composites have shown that 0C«53 ± 3° 
, and recent numerical simulations have demon-
strated this angle is controlled by the matrix behavior in 
composites with good interfacial strength. 
3. Virtual simulation strategy 
The virtual simulations have to analyze the mechanical 
response of a composite lamina uniaxially reinforced with 
circular-section carbon fibers, which is subjected to normal 
compressive stresses in the transverse direction (either G2 or 
<r3) and to shear stresses perpendicular to the fibers (T23), as 
shown in Fig. 2. Due to the symmetries of the material and 
of the loading conditions, the RVE selected was a square 
section of the lamina in the plane x2x3, perpendicular to 
the fibers, which contained a random dispersion of circular 
fibers (which covered 50% of the area) embedded in a 
matrix (Fig. 2). Previous analyses carried out under trans-
verse compression have shown that RVEs with 30 
fibers provide results very close to those obtained with 70 
fibers, and accuracy improves if the overall behavior is 
obtained by averaging the stress-strain curves computed 
with various fiber distributions . Thus, RVEs con-
taining random dispersions of thirty monosized fibers of 
radius R — 5 (im were generated in square RVEs of dimen-
sions L0 x L0 using the modified random sequential adsor-
tion algorithm of Segurado and LLorca . It was 
assumed that the lamina's microstructure was given by an 
indefinite translation of the RVE along the x2 and x3 axes 
and, thus, the fiber positions within the RVE kept this peri-
odicity condition. Fibers intersecting the RVE edges were 
Fig. 2. Schematic of the representative volume element of the lamina 
microstructure subjected to combined transverse compression and out-of-
plane shear. 
split into an appropriate number of parts and copied to the 
opposite sides of the square RVE to create the periodic 
microstructure. 
The mechanical behavior of the RVEs was studied using 
the finite element method. Matrix and fibers were automat-
ically meshed using 6-node isoparametric modified trian-
gles with integration 
at three Gauss points and hourglass control. In addition, 
4-node isoparametric interface elements (COH2D4 in 
[25]) were inserted at the fiber/matrix interface in each fiber 
to include the effect of interface decohesion. The finite ele-
ment discretization was fine enough throughout the RVE 
and included around 26,000 elements and 73,000 nodes 
to resolve the plastic shear bands in the matrix during 
deformation. 
Periodic boundary conditions were applied to the edges 
of the RVE to ensure continuity between neighboring 
RVEs (which deform like jigsaw puzzles). The periodic 
boundary conditions can be expressed in terms of the dis-
placement vectors U2 and £/3 which relate the displace-
ments between opposite edges according to 
M(0,X3) - u(L0,xi) = U2 (7) 
u(x2, 0) - u(x2,L0) = £/3. (8) 
Combined uniaxial compression along the x2 axis and 
shear deformation are imposed with U2 = (—Sc, Ss) and 
Ui = (w2,w3), where Sc and <5S stand for the imposed com-
pressive and shear displacements, respectively. u3 is com-
puted from the condition that the average normal stresses 
perpendicular to the compression axis should be 0, and 
u2 is determined from the condition of mechanical equilib-
rium. The compressive and shear strains are given by 
ln{l — 5JLQ} and arctan{<5s/(Xo — <5C)}, respectively, and 
the corresponding normal and shear stresses were com-
puted from the resultant normal and tangential forces act-
ing on the edges divided by the actual cross-section. 
Simulations were carried out with Abaqus/Standard 
under plane strain conditions and within the framework of 
the finite deformations theory with the initial unstressed 
state as reference. For the loading conditions considered 
in this paper, the main stresses and strains in the fibers 
and in the matrix were in the 23 plane, while the stresses 
along the longitudinal 1 axis (due to Poisson effects) were, 
at least, one order of magnitude lower. Thus, although C 
fibers present very different properties in the longitudinal 
and transverse directions, they were modeled as linear, 
thermo-elastic and isotropic solids and their elastic con-
stants perpendicular to the fiber axis were used in the sim-
ulations. They are given in Table 1. 
Table 1 
Elastic constants of the carbon fibers and of the epoxy matrix 
Et (GPa) 
20 
Vf 
0.25 
Em (GPa) 
4 
vm 
0.35 
The epoxy matrix was assumed to behave as an isotro-
pic, elasto-plastic solid, and the elastic constants are also 
given in Table 1. Plastic deformation was governed by 
the Mohr-Coulumb criterion and the total matrix strain 
was given by the addition of the elastic and plastic strain 
components. The Mohr-Coulomb criterion assumes that 
yielding takes place when the shear stress acting on a spe-
cific plane, x, reaches a critical value, which depends on 
the normal stress a acting on that plane. This can be 
expressed as 
x = c — <rtan</> (9) 
where c and </> stand, respectively, for the cohesion and the 
friction angle, two material parameters which control the 
plastic behavior of the material. Physically, the cohesion 
c represents the yield stress under pure shear while the fric-
tion angle takes into account the effect of the hydrostatic 
stresses. The Mohr-Coulomb model has often been used 
to describe plastic deformation of polymers because it ac-
counts for the effect of hydrostatic pressure on the yield 
strength, and the development of plastic shear bands under 
compression 
According to the Mohr-Coulomb model, the matrix 
compressive strength, <rmc, is given by 
and fracture under uniaxial compression takes place by the 
formation of a shear band which forms an angle 
9C — 45° + </>/2 with the plane perpendicular to the loading 
axis. Experimental results have shown that 9C — 53 ± 3° in 
epoxy-matrix composites , and thus <f> — 15° is a 
sensible approximation. Assuming that the matrix com-
pressive strength was 150 MPa , Eq. (10) leads to 
c = 57.55 MPa. 
Finally, interface decohesion was included in the simula-
tions through a cohesive crack model which dictates the 
fracture of the elements inserted at the fiber/matrix inter-
face. The mechanical behavior of these elements was 
expressed in terms of a traction-separation law which 
relates the displacement jump across the interface with 
the traction vector acting upon it . The interface ele-
ments initially provide a linear, stiff response which ensures 
the displacement continuity at the interface. An elastic stiff-
ness of 108 GPa/m was selected for the interface, which was 
large enough to ensure the displacement continuity at the 
interface and to avoid any modification of the stress fields 
around the fibers in the absence of damage . The onset 
of damage is dictated by a maximum stress criterion 
expressed mathematically as 
in which () stand for the Macaulay brackets, which return 
the argument if positive and zero otherwise, to impede the 
development of damage when the interface is under 
compression, and N and S are the normal and tangential 
interfacial strengths which for simplicity were assumed to 
be equal ( N = S). 
Once the damage begins, the stress transferred through 
the crack is reduced depending on the interface damage 
parameter d, which evolves from 0 (in the absence of dam-
age) to 1 (no stresses transmitted across the interface) fol-
lowing a linear traction-separation law. In addition, the 
energy necessary to completely break the interface is 
always equal to T, the interface fracture energy, regardless 
of the loading path. It has been shown previously that the 
compressive strength of fiber-reinforced composites is very 
sensitive to the interface strength but not to the interface 
toughness . Thus, results for two different materials 
are presented below, the first with a strong interface 
(N—S—c) and the second with a weak one (N — S — 
0.25c). In both cases, the interface fracture energy was 
100 J/m2 , a reasonable magnitude for C/epoxy inter-
faces according to available experimental data. More 
details about the numerical implementation of the Mohr-
Columb and cohesive crack models can be found in a pre-
vious investigation 
4. Results 
4.1. Composite with a strong interface 
Different fiber realizations were generated using the 
strategy described above, leading to a homogeneous, ran-
dom and isotropic distributions of fibers in the RVE, which 
were statistically equivalent although the precise location 
of the fibers was different in each one. The stress-strain 
curves under uniaxial compression and pure shear are plot-
ted in Fig. 3 for the composite material with a strong inter-
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Fig. 3. Stress-strain curves under uniaxial compression and out-of-plane 
shear for the composite lamina with a strong fiber/matrix interface. The 
absolute values of the stress and strain are used to plot the curves in 
compression. 
face (N= S = c). The calculations were stopped (or 
finished due to numerical instabilities) after the maximum 
load was attained. The results for six different realizations 
of the fibers within the RVE presented in this figure show 
very little scatter up to the maximum load (Table 2), indi-
cating that the size of the RVE was large enough to com-
pute the lamina strength. The samples loaded in uniaxial 
compression attained the maximum load at compressive 
strains in the range —2% to —3%. The contour plot of 
the plastic strains in the matrix (Fig. 4) showed that failure 
took place by the propagation of a shear band in the 
matrix. The shear band cannot propagate though the 
fibers, leading to slight variations in the orientation, which 
are controlled by the details of the fiber arrangement. The 
average orientation of the fracture plane, 9C, was 
48.9° ± 1.9°, slightly lower than 52.5°, the theoretical value 
predicted by Eq. (5) for a Mohr-Coulomb material with <f> 
— 15°. Previous analyses have shown that failure in 
transverse compression took place in the absence of inter-
face decohesion by the nucleation and propagation of a 
network of plastic shear bands in the matrix oriented at 
9 « ±52.5°. Interface cracks promoted the localization of 
damage in one single shear band, whose precise orientation 
depended on the details of the fiber spatial distribution, 
and that did not always grow along the theoretical angle. 
It should be noted that the predictions of these numerical 
simulations for transverse compression presented in [16] 
were in excellent agreement with the experimental observa-
tions in [26,29] in terms of the compressive strength, the 
ductility and the dominant failure mechanism. 
The stress-strain curve in shear presented a wide plateau 
and the maximum was attained for shear strains in the 
range 2-4%, although the differences in the maximum shear 
strength were negligible (Table 2). The analysis of the con-
tour plot of the accumulated plastic strain in the matrix 
showed that failure also took place by the propagation of 
a dominant plastic shear band in the matrix in which most 
of the plastic strain was localized after the peak stress 
(Fig. 5). The average orientation of the fracture plane, 9S, 
was 8.4° ± 2.3°, slightly higher than 0/2 (= 7.5°), the the-
oretical value predicted for a Mohr-Coulomb material 
deformed in pure shear. Once again, these minor discrepan-
cies can be attributed to the influence of interface decohe-
sion which promotes the localization of fracture in one 
dominant shear band. 
The simulations to study the behavior under combined 
compression and shear were carried out with a fixed ratio 
Table 2 
Stresses at failure under different loading conditions for the composite 
with a strong interface 
Loading mode Uniaxial compression Shear SJSS = —1/8 
cr2(MPa) -147.2 ±1 .9 - -28.2 ± 2.5 
T23 (MPa) - 56.7 ± 0.6 58.4 ± 0.8 
The results in the table are the average and standard deviation over six 
different realizations. 
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Fig. 4. Contour plot of the accumulated plastic strain in the composite 
with a strong interface subjected to uniaxial compression in the vertical 
direction. The plastic strain corresponding to each color is shown in the 
legend. The applied strain was —3.2%. 
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Fig. 5. Contour plot of the accumulated plastic strain in the composite 
with a strong interface subjected to pure shear. The applied strain was 
7.1%. 
of the normal displacement to the shear displacement. The 
a — e and x — y curves corresponding to six different fiber 
realizations are plotted in Fig. 6a in the case SJSS — —1/8. 
The scatter in the results obtained with different RVEs 
was limited (Table 2), as in the cases of uniaxial compres-
sion and shear. For this particular <5C/<5S ratio, the a — e 
curve was fairly linear while the x — y response was non-lin-
ear and presented a maximum. The evolution of the shear 
stress with the compressive stress for different <5C/<5S ratios 
(from —1/50 to —2) is plotted in Fig. 6b for one RVE. A 
maximum in the shear stress was found in all cases, and this 
maximum was sharper and followed by a larger drop as the 
amount of shear deformation increased over the compres-
sive strain. A maximum in the compressive stress was only 
found when 8J8S — —2 and it was followed by a marked 
reduction in the compressive stress indicating that failure 
by compression (instead of shear) was dominant in this 
case. 
From the physical viewpoint, the composite's deforma-
tion under combined shear and compression was initially 
controlled by the formation of two sets of bands of intense 
plastic deformation in the matrix (Fig. 7). The orientation 
of these bands was measured in two different RVEs which 
were subjected to different ratios of compressive and shear 
deformation. The average values (and the standard devia-
tions) are plotted in Fig. 6c as a function of the ratio 
between shear and compressive stresses X23/<T2 at failure 
(which was dictated by the maximum in shear). They are 
consistent with the predictions of the Puck and LaRC mod-
els, Eq. (5), and demonstrate that these simple physically-
based models capture composite behavior very well when 
it is dominated by the matrix. Final fracture occurred by 
the localization of plastic deformation in the matrix along 
one dominant shear band (Fig. 7). The precise orientation 
of the fracture plane was dictated by the details of the fiber 
arrangement in the RVE and the combination of normal 
and shear stresses applied, and was not always consistent 
with the predictions of Mohr-Coulomb theory. 
Assuming that failure occurs when a maximum in the 
compressive or shear stress is attained, the corresponding 
failure envelope can be built from the simulations of the 
RVEs subjected to uniaxial compression, shear and com-
bined shear and compression. They were obtained for dif-
ferent 8J8S ratios on two RVEs and the average value is 
plotted in Fig. 8, together with the predictions of failure 
criteria developed by Hashin , Puck and Schurmann 
and Davila . The curves corresponding 
to these criteria were obtained by introducing the numeri-
cal value of the strength in uniaxial compression (see Table 
2) and 9C — 53° in Eqs. (1) and (4). They were in fairly good 
agreement with the numerical results. In particular, 
Hashin's model was practically superposed to the numeri-
cal data, and this behavior was unexpected because this 
model did not predict the increase in shear strength under 
moderate compressive stresses found under combined com-
pression and in-plane shear (<r2 and x12) . Hashin's model 
assumes that failure is controlled by a quadratic interaction 
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Fig. 6. Mechanical response of the composite with a strong interface under combined transverse compression and shear: (a) a — e and x — y curves 
corresponding to five different fiber realizations in the case SJSS = —1/8, (b) evolution of the shear stress x with the compressive stress a for different SJSS 
ratios and (c) orientation of the plastic shear bands in the matrix with respect to the direction perpendicular to the compression axis as a function of the 
ratio between shear and compressive stresses at failure. The orientation of the shear bands under pure shear (not included in the plot) was 7.8 ± 4.2° and 
95.1 ± 2.0°. The theoretical predictions from Puck and LaRC models (Eq. (5)) are plotted together with the results of the numerical simulations. 
between the normal and shear stresses but this hypothesis is 
not appropriate to reproducing the behavior under trans-
verse compression and in-plane shear when the latter is 
dominant. Failure occurs along the plane of maximum 
shear stress (9 — 0°) under these conditions and the 
strength increases linearly with transverse compression, as 
predicted by the Mohr-Coulomb model. For the loading 
mode considered here, transverse compression and out-
of-plane shear, the orientation of the failure plane depends 
on the magnitude of the normal and shear stresses, and the 
quadratic interaction approximation proposed by Hashin 
is very accurate. 
Puck and LaRC models also adequately reproduce the 
shape of the failure surface and predict a maximum in 
the shear strength for small amounts of transverse com-
pression, consistent with the numerical simulations. In 
addition, the orientation of the shear bands in the matrix 
according to the Mohr-Coulomb's model coincide with 
the numerical predictions, and this demonstrates that they 
capture the actual fracture mechanisms in the composite 
well. Discrepancies in the magnitude of the strength in 
the shear-dominated region of the failure diagram can be 
attributed to the presence of interface decohesion in the 
numerical simulations, which is not accounted for in the 
failure criteria. Nevertheless, this discrepancy is small in 
the case of composites with good interfacial strength. It 
should be noticed that both Puck and LaRC models have 
been in reasonable good agreement with the experimental 
results of the World Wide Failure Exercise for unidirec-
tional lamina subjected to transverse compression and in-
plane shear. Their predictions are validated here against 
our virtual tests for another multiaxial stress state given 
0.5 0.4 0.30.2 0.1 0 
Fig. 7. Contour plot of the accumulated plastic strain in the composite 
with a strong interface subjected to combined vertical compression and 
shear in the case SJSS= — 1. The applied shear and compressive strains 
were 3.66% and —3.60%, respectively. 
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by transverse compression and out-of-plane shear, which is 
difficult to reproduce experimentally. 
4.2. Composite with a weak interface 
As indicated in the introduction, failure criteria for com-
posites distinguish between matrix- and fiber-dominated 
fracture modes but they do not take into account the inter-
face properties. This may be partially due to the limited 
amount of reliable experimental data on the interface prop-
erties , but it is well established that sizing treatments 
on the fiber surface or environmental conditions, for 
instance, can dramatically modify the interface strength. 
The influence of interface decohesion in the fracture pro-
cess was addressed by repeating the numerical simulations 
presented above in composites with a weak interface, 
whose strength was given by N=S = 0.25c. They were 
aimed at elucidating the influence of this factor on the 
accuracy of the current failure criteria for composites. 
The stress-strain curves of six different fiber realizations 
under uniaxial compression and pure shear are plotted in 
Fig. 9. The simulations presented very little scatter up to 
the maximum load in both cases, indicating that the size 
of the RVE is large enough to compute the failure strength 
in compression and shear (Table 3). The comparison 
between Figs. 3 and 9 and Tables 2 and 3 shows that the 
presence of a weak interface leads to a marked non-linear-
ity in the stress-strain curves in compression and shear, 
and significantly reduces the strength, particularly in shear. 
The origin of these differences can be understood from the 
contour plots of accumulated plastic strain in the matrix 
shown in Figs. 10 and 11 for uniaxial compression and 
shear, respectively. Failure is initiated by the nucleation 
of interface cracks, which give rise to the non-linear behav-
ior at small strains, and damage progresses by the forma-
tion of bands of intense plastic deformation in the matrix 
which link up the interface cracks. This is particularly clear 
in Fig. 11, in which most of the applied shear strain has 
been concentrated in a band formed by successive interface 
cracks which provided a weak path for the localization of 
damage. This marked localization was very sensitive to 
120 
uniaxial 
compression 
0.07 
Fig. 9. Stress-strain curves under uniaxial compression and out-of-plane 
shear for the composite lamina with a weak fiber/matrix interface. The 
absolute values of the stress and strain are used to plot the curves in 
compression. 
Table 3 
Stresses at failure under different loading conditions for the composite 
with a weak interface 
0.5 0.4 0.30.2 0.1 0 
Loading mode Uniaxial compression Shear <5c/<5s = - l / 8 
<r2 (MPa) 
T23 (MPa) 
-103.2 ± 1.5 
27.7 ± 0.5 
-35.9 ±2 .1 
32.6 ±0 .4 
The results in the table are the average and standard deviation over six 
different realizations. 
0.5 0.4 0.30.2 0.1 0 
man 
I * 
k>/ 
Fig. 10. Contour plot of the accumulated plastic strain in the composite 
with a weak interface subjected to uniaxial compression in the vertical 
direction. The applied strain was —5.7%. 
the actual distribution of the fibers in the RVE, and it was 
responsible for the significant differences in the stress-
strain curve after the peak stress sometimes observed 
among various fiber realizations (Fig. 9). It is obvious from 
the results in Figs. 10 and 11 that the orientation of the 
fracture planes has nothing to do with the predictions of 
the Mohr-Coulomb model. Although the matrix follows 
this criterion, the composite does not because the weak 
interface controls the fracture process. 
Behavior under combined compression and shear is 
summarized in Fig. 12. The a — e and x — y curves corre-
sponding to six different fiber realizations in the case 8J 
8S — —1/8 are plotted in Fig. 12a. A maximum in the shear 
and compressive stress was found for this combination of 
normal and shear deformation, while only a maximum in 
shear was obtained in the composites with a strong inter-
face. This behavior was general for all combinations of 
compressive and shear stresses, as shown in Fig. 12b, in 
which the evolution of the shear stress with the compressive 
stress for different 8J8S ratios (from —1/50 to —2) is plotted 
for one RVE. The first maximum was attained for the shear 
Fig. 11. Contour plot of the accumulated plastic strain in the composite 
with a weak interface subjected to pure shear. The applied strain was 5.2%. 
stress, and it was followed by a maximum in the compres-
sive stress. The contour plots of the accumulated plastic 
strain the matrix under combined compression and shear 
(not plotted for sake of brevity) showed similar features 
to those shown in Figs. 10 and 11: failure was dominated 
by the formation of bands of intense plastic deformation 
in the matrix which linked up interface cracks. 
Assuming that failure occurs when a maximum in the 
shear stress is attained, the corresponding failure envelope 
can be built from the simulations of the RVEs subjected to 
uniaxial compression, shear and combined shear and com-
pression. They were computed for different 8J8S ratios on 
two RVEs and the average value is plotted in Fig. 13, 
together with the predictions of failure criteria developed 
by Hashin , Puck and Schurmann and Davila 
. As in the case of the composites with strong 
interfaces, the curves corresponding to these criteria were 
obtained by introducing the numerical value of the strength 
in uniaxial compression (see Table 3) and 9C — 53° in Eqs. 
(1) and (4). Neither criterion adequately predicts the failure 
strength of the composite, and all of them overestimate 
strength in the region dominated by shear stresses. This 
result is not surprising because the effect of a weak interface 
on the strength is more severe in shear than in compression, 
and this anisotropy cannot be captured by a criterion based 
on a quadratic interaction between normal and shear stres-
ses, like the one proposed by Hashin. In addition, compos-
ite fracture is not controlled by the Mohr-Coulomb theory 
and the models based on this assumption are no longer 
capable of predicting the failure stress accurately. 
a 50 
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Strain (e or y) 
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Fig. 12. Mechanical response of the composite with a weak interface under combined transverse compression and shear: (a) a — e and x — y curves 
corresponding to six different fiber realizations in the case SJSS = —1/8 and (b) evolution of the shear stress x with the compressive stress a for different 
SJSS ratios. 
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Fig. 13. Failure surface of the composite with a weak interface subjected 
to transverse compression and out-of-plane shear. The results of the 
numerical simulations are plotted together with those obtained from 
Hashin - Eq. (1) - and Puck and LaRC criteria - Eq. (4). 
5. Concluding remarks 
The mechanical behavior of a fiber-reinforced composite 
lamina under transverse compression and out-of-plane 
shear has been simulated using computational microme-
chanics. This strategy explicitly takes into account fiber 
and matrix spatial distribution within the lamina as well 
as matrix, fiber and interface properties which are included 
in the simulations through the corresponding constitutive 
models. The results presented in this paper show that this 
strategy is able to accurately reproduce the physical frac-
ture mechanisms experimentally observed, and opens the 
possibility of replacing (at least partially) costly and time-
consuming mechanical tests by virtual tests. These virtual 
tests present several advantages over the standard experi-
mental approach, which include full control of the compos-
ite microstructure and of the constituent properties 
(eliminating major sources of uncertainty and scatter), 
the potential to reproduce very complex stress states with 
well-defined boundary conditions, and the ability to carry 
out systematic parametrical studies to optimize composite 
properties. Of course, further validation of this technique 
is necessary to gain in confidence and to assess its limita-
tions. One step in this direction is developed in this paper: 
the validation of the failure criteria for composite lamina 
under a multiaxial stress state (transverse compression 
and out-of-plane shear), whose experimental reproduction 
is highly complex. 
In the case of composites with good fiber/matrix interfa-
cial strength, the failure locus computed from the numeri-
cal simulations was consistent with the Hashin , Puck 
and LaRC failure criteria, in which the only exper-
imental parameter was the strength of the composite lam-
ina under transverse compression, Yc. The numerical 
simulations showed that failure took place by the localiza-
tion of the plastic strain in the matrix in a shear band, 
whose orientation for each combination of normal and 
shear stresses was close to the one predicted by Puck and 
LaRC models. The ability of these models, based on the 
stress state in the lamina and the Mohr-Coulomb criterion 
for matrix failure, to reproduce physical fracture mecha-
nisms supports the reliability of their predictions to assess 
the failure of composite lamina. 
In the case of composites with a weak fiber/matrix inter-
face, the simulations showed that the dominant failure 
mechanism was interface decohesion rather than matrix 
plastic deformation. Final fracture occurred by the link 
up of interface cracks nucleated at the early stages of 
deformation through the matrix, and the influence of the 
weak interfaces on strength was much more severe in shear 
than in compression. The predictions of the three failure 
criteria (which were based as before on the strength of 
the composite lamina under transverse compression) over-
estimated the composite strength in shear and they cannot 
be used to predict the mechanical behavior of composites 
with a weak interface. The numerical simulations point 
out that a new failure mode, namely interface decohesion, 
has to be taken into account to develop failure criteria for 
composites in "matrix"-dominated failure modes and, per-
haps, if the dominant fracture mode is fiber fracture in 
compression. Of course, this contribution is small when 
the interface strength is higher than the matrix but it may 
become dominant otherwise. 
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